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A revised version of the study described in this chapter has been published in Biological 
Psychology, entitled: 
Methylphenidate improves diminished error and feedback sensitivity in ADHD: An 




Attention Deficit Hyperactivity Disorder (ADHD) and Autistic Spectrum Disorder 
(ASD) are two major developmental disorders that have both been related to a 
decreased sensitivity to errors and feedback. Children with ADHD on and off 
Methylphenidate (Mph), children with ASD and typically developing (TD) children 
performed a selective attention task with three feedback conditions: reward, punishment 
and no feedback. Evoked Heart Rate (EHR) responses were computed for correct and 
error trials. All groups performed more efficient with performance feedback than 
without. EHR analyses, however, showed that enhanced EHR decelerations on error 
trials seen in TD children were absent in the medication-free ADHD group for all 
feedback conditions. The Mph-treated ADHD group showed ‘normalised’ EHR 
decelerations on error trials in the punishment and no feedback condition. The ASD 
group neither differed significantly from the TD group nor from the medication-free 







Two major developmental disorders, Attention Deficit Hyperactivity Disorder (ADHD) 
and Autistic Spectrum Disorder (ASD), have been associated with executive 
functioning deficits (Barkley, 1997; Pennington & Ozonoff, 1996; Russell, 1997). One 
important executive function for regulating goal-directed behaviour is the continuous 
monitoring of performance (Stuss, 1992) and, successively, to make use of external cues 
for appropriately adjusting performance, such as performance feedback, reward and 
punishment. Both ADHD and ASD have been associated with a diminished capacity of 
monitoring their behaviour and feedback from their environment. In the present study, 
children with these disorders, who were matched for age and intelligence, are directly 
compared on their capacity to monitor different types of feedback by investigating their 
performance as well as their autonomic responsiveness to feedback. Autonomic 
measures may provide insight into feedback sensitivity of these children, that cannot be 
obtained by performance measures alone. 
ADHD, ASD AND FEEDBACK SENSITIVITY 
Children with ADHD are characterised by symptoms of inattentiveness, impulsivity and 
hyperactivity (American Psychiatric Association, 2000). Several explanatory theories of 
ADHD have proposed that the core symptoms of this disorder are the result of a 
motivational deficit, which is expressed by an aberrant sensitivity to reinforcing stimuli. 
The nature of this abnormal sensitivity is, however, unclear. For instance, ADHD has 
been associated with (1) a preference for small immediate reward over large delayed 
reward (Rapport et al., 1986; Sonuga-Barke, Taylor, Sembi, & Smith, 1992; Sagvolden 
et al., 2005a), (2) an increased sensitivity to punishing feedback (Carlson et al., 2000; 
Carlson & Tamm, 2000) and (3) a generally elevated threshold for the reinforcing 
effects of both rewarding and punishing feedback (Haenlein & Caul, 1987; Slusarek, 
Velling, Bunk, & Eggers, 2001). A recent review on the impact of reinforcement 
contingencies on ADHD by Luman and colleagues (2005) concluded that children with 
ADHD have problems in keeping optimal performance when they have to rely solely on 
their intrinsic motivation (Douglas & Parry, 1994; Sergeant, 2000). Across studies, 
appropriate reinforcement contingencies were found to have a positive effect on task 
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performance and self-reported motivation in children with ADHD and, regarding task 
performance, there was some evidence that this positive effect was even more 
prominent in these children compared to typically developing (TD) children (Luman et 
al., 2005). 
Somewhat contradictory to the findings on the behavioural level, electrocortical (Groen 
et al., 2008; Van Meel et al., 2005b) and cardiovascular studies (Crone, Jennings, & 
Van der Molen, 2003b; Luman et al., 2008; Iaboni, Douglas, & Ditto, 1997; Luman et 
al., 2007) suggest that children with ADHD process feedback to a lesser extent than TD 
children. More specifically, two EEG Event-Related Potential (ERP) studies have found 
that children with ADHD show a decreased late positive amplitude to error feedback 
than TD children (Groen et al., 2008; Van Meel et al., 2005b), which is hypothesised to 
reflect diminished affective processing of these stimuli (Groen et al., 2008). Three 
studies investigating evoked heart rate (EHR) responses to feedback stimuli, found that 
the heart rate of children with ADHD is less responsive to feedback stimuli compared to 
TD children (Crone et al., 2003b; Luman et al., 2008; Luman et al., 2007). Crone and 
colleagues (2003b), moreover, found that the EHR of children with ADHD 
discriminates less between rewarding and punishing feedback stimuli compared to TD 
children. Lastly, Iaboni and colleagues (1997) investigated heart rate and skin 
conductance responsiveness in children with ADHD across task blocks of reward and 
non reward (extinction). In comparison to TD children, the children with ADHD 
showed faster heart rate habituation when rewarded and failed to show a skin 
conductance response when non reward was introduced. Overall, these findings suggest 
that ADHD is associated with a decreased psychophysiological responsiveness to 
performance feedback. 
 Reduced physiological responsiveness to feedback fits into an influential theoretical 
account of ADHD introduced by Quay (Quay, 1988a; Quay, 1988b; Quay, 1997). Quay 
explained ADHD behaviour in terms of Gray’s (1985; 1987) psychobiological theory, 
suggesting that three separate but interactive brain systems motivate behaviour. Two of 
these are particularly relevant for ADHD: the Behavioural Inhibition System (BIS) and 
the Behavioural Activation System (BAS). The BIS is an aversive motivational system 
responsible for the inhibition of ongoing behaviour in situations that involve aversive 




appetitive motivational system and is responsible for activating behaviour associated 
with reward or active avoidance of punishment. The neural basis of the BIS primarily 
involves noradrenergic and serotonergic cerebral pathways, whereas dopaminergic 
pathways are at the basis of the BAS (Gray, 1985; 1987). Quay argues that children 
with ADHD have an underactive BIS, which may make them less sensitive to 
punishment and non reward, resulting in more approach behaviour to these type of 
events. As error feedback can be regarded as an aversive cue, reduced electrocortical 
(Groen et al., 2008; Van Meel et al., 2005b) and EHR responses to error feedback 
(Crone et al., 2003b) support the hypothesis of an underactive BIS in ADHD. The 
reported faster habituation to reward by Iaboni and colleagues (1997), however, 
suggests that children with ADHD also suffer from an underactive BAS.  
Children suffering from Autistic Spectrum Disorders (ASD) are hampered in their 
social and communicative abilities and show stereotype interests and behaviours 
(American Psychiatric Association, 2000). With regard to ASD no motivational theories 
like in ADHD have been proposed, but some studies have questioned the feedback 
sensitivity of children with ASD (Dawson et al., 2002; Garretson et al., 1990; Ingersoll 
et al., 2003). Studies using performance measures agree on the finding that children 
with ASD are less sensitive to the rewarding value of social stimuli. For example, 
smiling or words of appreciation optimise task performance in TD children, but not in 
children with an ASD (Garretson et al., 1990). Other studies have suggested a 
diminished sensitivity to non-social reinforcement and feedback in ASD as well 
(Althaus et al., 1996; Dawson et al., 2001). A recent ERP study on feedback processing 
of our own group (Groen et al., 2008) revealed that children with ASD process 
performance feedback to a lesser extent, similarly to the sample of children with 
ADHD. In continuation of that study, the autonomic responsiveness of both children 
with ADHD and ASD to feedback will be investigated in the present study.  
EVOKED HEART RATE RESPONSES TO ERRORS AND FEEDBACK 
It is well-known that heart rate is responsive to the processing of emotional information. 
Since the early seventies heart rate is also known to show beat-to-beat changes in 
reaction to cognitive information processing (Lacey & Lacey, 1974). Since then it has 
been firmly established that heart rate decelerates briefly, i.e. the time between 
successive heartbeats (Inter Beat Intervals: IBIs) increases, when subjects (1) prepare a 
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response or anticipate an imperative stimulus, (2) must inhibit or select (competing) 
responses and (3) process relevant feedback (see for a review: Jennings & Van der 
Molen, 2002). Jennings and Van der Molen (2002) propose that the transient heart rate 
decelerations (also referred to as ‘postponed heart rate accelerations’), generally 
accompany the inhibition of cognitive information processes. This central inhibition 
allows for an increase in cognitive control and enhanced task focus. Error feedback is 
the pre-eminent signal that ongoing behaviour is no longer appropriate and that 
increased cognitive control is needed: ongoing processing must be inhibited and 
alternative strategies must be selected and executed. In agreement with the central 
inhibition theory of Jennings and Van der Molen (2002) it has consistently been found 
that heart rate briefly decelerates both when subjects commit error responses (Crone et 
al., 2006; Hajcak et al., 2003b) and when they are confronted with error feedback 
(Crone et al., 2003c; Somsen et al., 2000; Van der Veen et al., 2004). As heart rate 
decelerations to errors and feedback have been proposed to go along with the central 
inhibition of information processing, they may be the reflection of increased BIS 
activity to aversive events in terms of the model by Gray (1985; 1987). 
Previous developmental studies have shown that EHR measures are reliable indices of 
feedback processing in children (Crone et al., 2004; Crone et al., 2006; Groen et al., 
2007). Just like in adults (Crone et al., 2003c; Van der Veen et al., 2004), children’s 
heart rate decelerates to a larger extent after error feedback than after positive feedback 
(Crone et al., 2004; Crone et al., 2006; Groen et al., 2007). Numerous studies have 
investigated the antecedent conditions of these error and feedback-related decelerations. 
Firstly, a series of studies has demonstrated that heart rate deceleration is enhanced in 
informative feedback conditions compared to uninformative feedback conditions (Crone 
et al., 2003c; Crone et al., 2004; Crone, Bunge, de Klerk, & Van der Molen, 2005; 
Groen et al., 2007). Secondly, heart rate deceleration to error feedback is sensitive to the 
degree in which feedback is utilised to adjust performance. For instance, a trial-to-trial 
analysis by Van der Veen (2004) revealed that heart rate deceleration is enhanced on 
error trials that are appropriately adjusted on the next trial compared to error trials that 
are not adjusted. Moreover, in a study by Somsen and colleagues (2000) good 
performers showed larger heart rate decelerations to error feedback than bad performers. 
Thirdly, heart rate deceleration is dependent on the violation of expectations; when the 




outcome is positive or negative (Crone et al., 2003c; Crone et al., 2004; Crone et al., 
2005; Somsen et al., 2000). 
THE PRESENT STUDY 
In the present study a selective attention task with hierarchical stimuli was adopted. For 
investigating the impact of different reinforcement approaches children with ADHD on 
and off Methylphenidate, children with ASD and TD children, three feedback 
conditions were used: a no feedback condition and a reward and punishment condition. 
The children earned money in all three conditions, but in the no feedback condition they 
did not receive any form of feedback on their performance. This manipulation allows 
for investigating whether the children have difficulties in their intrinsic motivation when 
not provided with feedback on their performance. In the reward condition emphasis was 
put on gains (money was earned for correct responses), while in the punishment 
condition emphasis was put on losses (money was lost for error responses). These 
manipulations allow for investigating differential effects of positive and negative 
reinforcement strategies. For investigating both the behavioural and autonomic impact 
of the different feedback conditions, task performance (accuracy and reaction time 
measures) as well as beat-to-beat EHR responses to feedback stimuli were measured. 
Because children with ADHD have been proposed to have a deficit in intrinsic 
motivation, they are expected to performance worse in especially the no feedback 
condition. It is, moreover, expected that both children with ADHD and children with 
ASD are autonomically less responsive to feedback stimuli than TD children, which 
may be expressed by generally attenuated EHR responses to performance feedback. 
Because children with ADHD have been proposed to suffer from an underactive BIS, 
they are expected to show less pronounced EHR decelerations to error feedback 
(indicating the loss of money) in particular when compared to TD children and children 
with ASD. This hypothetical deficit may be normalised in Mph-treated children with 
ADHD, because Mph may increase BIS activity through its stimulating effect on the 
noradrenergic system in the brain (Pliszka, 2005).  
 Moreover, although no performance feedback is provided in the no feedback 
condition, error trials may still elicit EHR deceleration, because heart rate is also known 
to decelerate in response to self-monitored errors (Crone et al., 2006; Groen et al., 2007; 
Hajcak et al., 2003b). The EHR of TD children may thus be expected to discriminate 
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between correct and error trials in the no feedback condition. The children with ASD 
are expected to show a pattern similar to the TD children, because previous ERP studies 
could not indicate deficits in the self-monitoring of errors in these children (Groen et al., 
2008; Henderson et al., 2006). In contrary, the EHR of children with ADHD may 
discriminate to a lesser extent between correct and error trials in this condition, as ERP 
(Groen et al., 2008; Jonkman et al., 2007; Van Meel et al., 2007) and post error slowing 
(Schachar et al., 2004b; Sergeant & Van der Meere, 1988a; Wiersema et al., 2005) 
studies do suggest deficits in the self-monitoring of errors. Mph-treated children with 
ADHD may not show this hypothesised deficit, as ERP (Groen et al., 2008; Jonkman et 
al., 2007) and post error slowing (De Sonneville et al., 1994b; Krusch et al., 1996a) 
studies have indicated that Mph improves the self-monitoring of errors.  
METHODS 
SUBJECTS 
This study included 68 children who were assigned to four experimental groups: a 
control group with TD children (n = 18), a medication-free ADHD group (n = 16), a 
Methylphenidate (Mph)-treated ADHD group (n = 16) and an ASD group (n = 18). 
Written informed consent was obtained from all parents and all 12-year-old children 
assented to the study. The study was approved by the Medical Ethical Committee of the 
University Medical Center Groningen.  
The TD children were recruited from primary schools in the city of Groningen and by 
advertisement in the newsletter of the University Medical Centre in Groningen 
(UMCG). For assessing the presence of a wide range of childhood psychopathology, the 
Child Behavioural Checklist was filled out by the parents of all children (CBCL: 
Achenbach & Rescorla, 2001). None of the TD children scored within the clinical range 








Gender (male/female) ns _
Mph intake in past year 
(on/off) <.001 TD,ASD***<ADHD<ADHD Mph*
Measures Mean SD M SD M SD M SD p
Age (years) 11,4 0,9 11,4 0,9 11,4 0,8 11,7 0,8 ns _
Total IQ 103 9,5 103 10,0 98 11,3 100 13,4 ns _
Verbal IQ 107 10,4 103 12,4 100 13,2 102 10,1 ns _
Performal IQ 97 12,8 103 11 96 12,7 98 16,9 ns _
Social Communication Questionnaire (SCQ)
Total _ 20,2 4,1 7,1 4,4 4,9 1,7 <.001 ADHD Mph, ADHD< ASD***
Social interaction _ 8,4 2,8 2,8 2,2 0,9 1,1 <.001 ADHD < ADHD Mph*;                         ADHD, ADHD Mph < ASD***
Communication _ 6,6 1,9 2,7 1,8 2,6 1,2 <.001 ADHD Mph, ADHD< ASD***
Repetitive and Stereotype 
Behaviour _ 4,2 1,5 1,1 1,5 1,1 0,9 <.001 ADHD Mph, ADHD< ASD***
Diagnostic Interview Schedule for Children (DISC) ADHD section
Attentional Problems _ 7,3 5,0 12,6 5,1 12,9 3,5 <.001 ASD**< ADHD Mph, ADHD 
Hyperactive Impulsive 
Behaviour _ 3,1 3,6 13,3 3,0 12,9 5,2 <.001 ASD***< ADHD Mph, ADHD 
Child Behavioural Checklist (CBCL)
Total Problems 14,8 11,5 52,5 24,0 47,8 26,3 59,8 21,3 <.001 TD***< ADHD Mph, ADHD, ASD
Ratio: Clinical/ Not clinical 0/18 9/9 6/10 10/6
Internalizing Problems 4,3 4,4 15,3 8,7 8,7 8,0 11,4 8,5 <.01 TD*< ADHD, ASD
Ratio: Clinical/ Not clinical 1/18 11/7 2/14 7/9
Externalizing Problems 3,5 3,5 10,2 10,4 13,3 7,4 17,6 7,2 <.001 TD*< ADHD Mph, ADHD
Ratio: Clinical/ Not clinical 0/18 4/14 5/11 8/8
Conners Teacher Rating Scale- Revised (CTRS-R)
Oppositional _ 49,2 6,0 59,3 10,0 58,9 13,9 <.01 ASD*< ADHD Mph, ADHD
Inattentive/Cognitive Problems
_ 53,3 11,0 55,0 8,1 57,3 13,6 ns
Hyperactivity-Impulsivity
_ 52,8 6,3 66,3 9,4 64,2 14,4 <.01 ASD**< ADHD Mph, ADHD
Anxious/Shy
_ 67,6 13,4 62,8 13,5 64,8 11,4 ns
Perfectionism _ 54,9 11,8 56,1 12,1 53,3 9,1 ns
Social Problems _ 69,2 15,0 58,3 9,0 59,2 15,4 <.05 ADHD Mph^< ASD
ADHD index _ 55,6 10,9 63,8 7,7 63,7 14,9 .07






0/4/14 0/3/15 0/1/15 0/2/14
Ratio
Bonferroni corrected 
post hoc analysesn = 18 n = 18 n = 16 n = 16
TD ASD ADHD Mph ADHD
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ADHD and ASD had been diagnosed by independent experienced child psychiatrists of 
our Department of Child- and Adolescent Psychiatry, according to the diagnostic 
criteria of the DSM-IV-TR (American Psychiatric Association, 2000). Regarding 
ADHD, only children with the combined type were included, which required 
pervasiveness (at home and at school) of both inattentive symptoms and hyperactive-
impulsive symptoms observed during at least six months. Some symptoms causing 
impairment were present before age 7 years. The diagnosis ASD required serious and 
pervasive disabilities in the development of social and communicative skills, and 
presence of stereotype interests and behaviour. These symptoms, however, did not meet 
the criteria for a full-blown Autistic or Asperger Disorder because of late age onset, 
atypical symptomatology, or subthreshold symptomatology, or all of these and were 
consequently diagnosed as having Pervasive Developmental Disorder Not Otherwise 
Specified (PDDNOS). After the diagnosis, ADHD and ASD symptoms were 
additionally assessed by standardised questionnaires. 
Of the 32 children with ADHD, 28 children were Mph responders, who all had taken 
this drug during the main part of the year preceding the experiment (except for one boy 
who had started the treatment two months before). The four children with ADHD that 
did not yet use medication for their ADHD-symptoms were directly assigned to the 
medication-free condition. Then, the Mph responders were randomly assigned to the 
Mph-treated (n = 16) or medication-free condition (n = 16). Those assigned to the 
medication-free condition were asked to discontinue Mph-intake for at least 17 hours 
before they entered the experiment. These children did not show fewer ADHD 
symptoms (see description below). All children in the ASD group were free from 
medication at the time of the experiment. 
Table 1 shows a summary of the group characteristics. Intelligence was measured by 
means of the Wechsler Intelligence Scale for Children-III (WISC-III) and all children 
had a full-scale intelligence at or above an Intelligence Quotient (IQ) of 80. The four 
groups neither differed in age nor in IQ. The ratio of boys and girls was approximately 
4:1, which did not differ significantly between groups. As measured by a self-report list 
for handedness (Van Strien, 2003) none of the children was left-handed. 
For measuring ADHD symptoms in the clinical groups, the ADHD section of the 




IV: Shaffer et al., 2000; Dutch translation: Ferdinand & Van der Ende, 1998). 
Moreover, the Conners’ Teacher Rating Scale-Revised (CTRS-R) was administrated to 
the teachers of the clinical children (Conners, 1990; Conners, 1999). All children with 
ADHD scored in the clinical range of the DISC-IV ADHD section or at least in 
borderline range of the CTRS-R. As 28 of the 32 children with ADHD were well-
responding to Mph, medication-intake in the period that was questioned by the 
interview is likely to have caused an underreport of ADHD symptoms. As can be seen 
in Table 1, children in both the Mph-treated and medication-free ADHD group, 
however, showed significantly more attention deficit and hyperactive-impulsive 
symptoms than the children in the ASD group on the DISC-IV. Moreover, the Mph-
treated and medication-free ADHD group could not be differentiated from each other on 
the DISC-IV scores. 
For assessing autistic-type behaviour in the clinical groups, parents were administered 
the Dutch translation of the Social Communication Questionnaire (SCQ: Rutter et al., 
2003), which is a screening tool for ASD based on the Autism Diagnostic Interview-
Revised (Lord et al., 1994). To date, two validation studies have revealed that the SCQ 
is a valid measure for discriminating ASD from non-ASD cases with a cut-off of ≥ 15 
(Berument et al., 1999; Chandler et al., 2007). All children with ASD scored at or above 
this cut-off. The total scores of this questionnaire confirmed that the children with ASD 
showed far and significantly more autistic-like symptoms than the children with ADHD 
(see Table 1). 
GLOBAL/ LOCAL TASK 
In the global/ local task the children were asked to sort hierarchical stimuli according to 
shape and while doing so to earn as much money as possible. The hierarchical stimuli 
consisted of one large geometric figure (circle, square or triangle), which was built up 
from smaller geometric figures (circles, squares or triangles). The figures were 
constructed so that the large figure and the small figures were equally salient (ES) 
(Yovel, Yovel, & Levy, 2001). The sizes were 3.1° for the global and 0.45° for the local 
figures with a viewing distance of 55 cm. Within one block the stimuli consisted of two 
possible geometric figures (circles and squares, squares and triangles, or circles and 
triangles). Each geometric figure was assigned to one of two keys, e.g. the right key 
should be pressed for a circle and the left for a square. During global blocks, the 
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children were asked to attend only to the large figures and during the local blocks the 
children were asked to attend only to the small figures. The stimulus sets of the global 
and local blocks were identical. The hierarchical figures could be congruent (50 % of 
the trials), i.e. the required response is equal for both levels, or incongruent (50 % of the 
trials), i.e. the required response for the attended level is opposite to the one required for 
the unattended level. Congruent figures for example consisted of a large circle 
composed of smaller circles, while an incongruent circle for example consisted of a 
large circle composed of smaller squares. The children performed six global and six 
local blocks, each consisting of 80 trials and four ‘warming-up’ trials at the start. See 
Figure1 for the structure and timing of the trial. 
The stimulus presentation in the task was machine-paced. To take into account 
individual differences in response speed, individual deadline times were adopted per 
subject, which were computed separately for global congruent and incongruent trials as 
well as for local congruent and incongruent trials. These individual deadline times 
(mean reaction time in one condition + 10%) were determined in one local and one 
global deadline determination block that preceded the experimental blocks, but followed 
two short practice blocks. All children were emphasised to earn as much money as 
possible, but were at the same time forced to react quickly as late reactions resulted in a 
penalty of 0.02 €. 
The 12 blocks were divided across three feedback conditions: no feedback, reward and 
punishment. This resulted in four blocks per feedback condition (320 trials), with each 
feedback condition containing two global and two local blocks (160 trials each). In the 




no feedback condition the children received no information about their performance; 
each response was followed by a question mark. After finishing a no feedback block the 
children received 0.70 € independent of their performance. In the reward condition the 
children started with 0.00 € and only correct responses resulted in a gain of 0.01 €. Gain 
and no gain were indicated by ‘+ 1 c’ (in green) and ‘+ 0 c’ (in red) respectively. In the 
punishment condition the children started with 0.80 € and only incorrect responses 
resulted in a loss of 0.01 €. Loss and no loss were indicated by ‘- 1 c’ (in red) and ‘- 0 c’ 
(in green) respectively. After every block the children received their earned money. 
ELECTROCARDIOGRAM AND COMPUTATION OF EHR RESPONSES 
The electrocardiogram (ECG) was recorded using two Ag-AgCl electrodes that were 
placed at the right side of the thorax between the collarbone and the sternum and at the 
left side between the two lower ribs. The ECG was recorded with a sampling rate of 500 
Hz. R-peaks were detected online using Portilab (version 1.10, Twente Medical 
Systems International). To include only validly recorded interbeat intervals (IBIs), the 
IBIs were corrected for artefacts using Carspan (version 1.20). In this program for 
analysing cardiovascular data, a procedure was adopted in which intervals that deviated 
more than four SDs from a running mean of 60 seconds were set as possible artefacts. 
Using a linear interpolation algorithm, corrections were made in case a set of additional 
criteria was met (for a more detailed description, see Mulder, 1992). Finally, all data 
were visually inspected in order to check for adequate corrections. 
In order to inspect EHR responses to feedback, six sequential IBIs surrounding the 
feedback stimuli were extracted from the R-peak series. IBI0 was the interval in which 
the feedback was presented. This IBI was followed by two successive intervals: IBI1 
and IBI2. The other three intervals were those preceding the feedback stimulus: IBI-3, 
IBI-2 and IBI-1. IBI-3 was chosen as a natural baseline, because the task manipulations 
appeared not to significantly influence IBI lengths at IBI-3 (p > .10).  
DATA ANALYSES 
Performance measures were analysed by means of a 3*2*4 mixed ANOVA design 
(SPSS version 15.0) with the within subject variables feedback (no feedback, reward 
and punishment) and level (global, local) and the between subjects variable group (TD, 
ADHD, ADHD Mph, ASD). This was done for the mean percentage of correct 
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responses and mean RT. For investigating post error slowing, the mean RT for correct 
trials after error responses and the mean RT for correct trials after correct responses was 
computed. Post error slowing was analysed by means of a 3*2*4 mixed ANOVA design 
with the within subject variables feedback (no feedback, reward and punishment) and 
response type (post error RT and post correct RT) and the between subjects variable 
group (TD, ADHD, ADHD Mph, ASD). For all performance measures simple contrasts 
were computed for the factor feedback, with the no feedback condition as the reference. 
The EHR analyses were confined to IBI-1, IBI0 and IBI1, because previous research 
has indicated that the most robust effects of error responses and error feedback on EHR 
responses occur around feedback onset (Groen et al., 2007; Luman et al., 2007). A 
3*3*2*4 mixed ANOVA design was applied to the IBIs, with the within subject 
variables sequence (IBI-1, IBI0 and IBI1), feedback (no feedback, reward and 
punishment) and response type (correct, error). Simple contrasts were computed for the 
factor feedback, with the no feedback condition as the reference. Repeated contrasts 
were computed for the factor sequence to investigate changes between successive IBIs. 
The factor group (TD, ASD, ADHD, ADHD mph) was used as the between subjects 
variable. Significant group (interaction) effects (p < .05) as well as effects with a trend 
to significance (p < .10) with effect sizes ranging from medium (.06 ≤ η2 < .14) to large 
(η2 ≥ .14) (Stevens, 2002), were further specified by making post hoc pairwise group 
comparisons for the following five pairs: TD vs. ADHD, TD vs. ADHD Mph, TD vs. 
ASD, ADHD vs. ADHD Mph and ADHD vs. ASD. For all analyses the partial eta 
squared effect sizes are reported (Stevens, 2002). To account for possible violations of 
the sphericity assumption for within subject factors with more than two levels, 
Greenhouse-Geisser adjusted p-values and the epsilon correction factor are reported 
together with the unadjusted degrees of freedom and F-values. 
RESULTS 
PERFORMANCE MEASURES 
DEADLINES AND LATE REACTIONS 
The groups did not differ significantly in duration of the mean individual deadline 
(Mean 754 ms, SD 148 ms) nor in their mean percentage of late responses (Mean 10%, 
SD 4.7%). For all groups the mean individual deadline was shorter in the global than in 




reflected by a main effect of level (F(1,64) = 22.3, p < .001, η2 = .26). For all groups the 
mean percentage of late responses was larger in the global condition than in the local 
(Mean 11%, SD 5.2% vs. Mean 9%, SD 5.2%), which is reflected by a main effect of 
level (F(1,64) = 15.7, p < .001, η2 = .20). There were no interactions with group for 
these measures. All groups had a higher percentage of late reactions in the no feedback 
condition than in the reward and punishment conditions, which is expressed by a main 
effect of feedback (F(2,128) = 16.5, p < .001, η2 = .21, ε = .80) and absence of any 
interaction with group. Trials with late reactions were excluded from further analyses. 
ACCURACY 
The TD group was more accurate on the task than all clinical groups (85% vs. 77 % 
respectively). This is expressed by a main effect of group (F(3,64) = 3.0, p < .05, η2 = 
.12) and significant contrasts of all clinical groups with the TD group (TD vs. ADHD: p 
< .05; TD vs. ADHD Mph: p < .05; TD vs. ASD: p < .05). For the TD and Mph-treated 
ADHD group accuracy did not differ between the global and local condition, but both 
the medication-free ADHD and ASD group were less accurate in the local than the 
global condition. This is expressed by a trend to significance for the interaction of level 
by group with medium effect size (F(3,64) = 2.6, p < .10, η2 = .11) and (nearly) 
significant contrasts of the TD group with the medication-free ADHD group (F(1,32) = 
2.9, p < .10, η2 = .08) as well as the ASD group (F(1,34) = 11.7, p < .01, η2 = .26). 
Regarding the feedback conditions, all groups performed at a lower accuracy level in 
the no feedback condition compared to the conditions with feedback (see Figure 2). 
This is reflected by a main effect of feedback (F(2,128) = 25.1, p < .001, η2 = .28), 
absence of an interaction with group (p > .10) and significant contrasts for the factor 
feedback showing that only the no feedback condition differed significantly from the 
other feedback conditions (no feedback vs. reward: p < .001; no feedback vs. 
punishment: p < .001; reward vs. punishment: p > .10). These feedback effects did not 



















FIGURE 2 Performance measures. The diagrams present the percentage of correct responses 
(accuracy), mean RT and the amount of post error slowing, separated for the three feedback 





The groups did not differ in mean RT (485 ms, SD 99 ms) and none of the groups 
showed an effect of attended level (global or local) in their RTs. This is reflected by the 
absence of a main effect of group (p > .10), level (p > .10) or interaction of these factors 
(p > .10). As can be seen in the middle part of Figure 2, all groups responded faster in 
the no feedback condition than in the conditions with feedback. This is reflected by a 
main effect of feedback (F(2,128) = 8.9, p < .01, η2 = .12, ε = .83), significant feedback 
effects for the contrasts of no feedback vs. reward (p < .01) and no feedback vs. 
punishment (p < .01) and absence of any interaction between feedback and group. These 
feedback effects, moreover, did not differ between the global and local condition. 
POST ERROR SLOWING 
For all groups RTs after error trials were longer than RTs after correct trials (561 ms, 
SD 142 ms vs. 492 ms, SD 87), which is reflected by a main effect of response type 
(F(1,64) = 63.6, p < .001, η2 = .50) and absence of an interaction with group (p > .10). 
The lower part of Figure 2 depicts the difference between RTs after error trials and RTs 
after correct trials, i.e. the amount of post error slowing, separated for the groups and 
feedback conditions. Analyses indicated that for all groups the amount of post error 
slowing is reduced in the no feedback condition. This is reflected by an effect of 
response type by feedback (F(2,128) = 7.4, p < .01, η2 = .10, ε = .98), absence of an 
interaction with group (p > .10) and contrasts for the factor feedback showing that only 
the no feedback condition differed significantly from the two feedback conditions (no 
feedback vs. reward: p < .01; no feedback vs. punishment: p < .01; reward vs. 
punishment: p > .10). Although Figure 2 suggests that this pattern differs for the TD 
group, i.e. reduced post error slowing in the punishment condition, this could not be 
verified statistically. Figure 2 also suggests that the ASD group shows an overall pattern 
of reduced post error slowing. The overall group by response type interaction, however, 
did not reach significance but showed medium effect size (F(3,64) = 2.1, p = .11, η2 = 
.09). Post hoc pairwise group comparisons of the ASD group with the TD and 
medication-free ADHD group showed (nearly) significant response type by group 
interactions with medium and large effect sizes (ASD vs. TD: F(1,34) = 6.06, p < .05, η2 




As can be seen in Figure 3, the general EHR pattern to the feedback stimuli of all 
groups is characterised by an initial deceleration from IBI-3 to IBI-2 and an acceleratory 
recovery for all groups. Figure 3 suggests that only the TD and Mph-treated ADHD 
group show clearly enhanced EHR decelerations on error trials in comparison to correct 
trials. No main effects of group or feedback type (p-values > .10) were found in the 
analysis of the three IBIs around feedback onset (IBI-1, IBI0 and IBI1). 
However, an overall significant response type by group interaction was found (F(3,64) 
= 4.3, p < .01, η2 = .17). Post hoc pairwaise group comparisons, as summarised in Table 
2, revealed significant response type by group interactions for the comparison of the 
medication-free ADHD group with both the TD and the Mph-treated ADHD group. 
These effects were independent of the feedback condition, as for these group 
comparisons significant three-way interactions of feedback by response type and group 
were absent. As can be seen in Figure 3, both the TD and Mph-treated group show 
enhanced EHR decelerations on error trials compared to correct trials, while these were 
absent in the medication-free ADHD group. Analyses per group confirmed that the 
medication-free ADHD group showed no effect of response type at all (p > .10), while 
all the other groups did (TD: F(1,17) = 9.9, p < .01, η2 = .37; ADHD Mph: F(1,15) = 
23.4, p < .001, η2 = .61; ASD: F(1,17) = 3.8, p < .10, η2 = .18). 
For the comparison of the Mph-treated ADHD group with the TD group a response type 
by group interaction was present that did appear to be dependent on the feedback 
condition (see Table 2). This was reflected by an overall, nearly significant, three-way 
interaction of feedback by response type by group with medium effect size (F(6,128) = 
2.1, p = .06, η2 = .09). Figure 3 suggests a difference in EHR deceleration on error trials 
between these two groups for the reward condition only. Simple contrasts for the 
feedback conditions indeed revealed a significant feedback by response type by group 
interaction for the contrast reward vs. no feedback (F(1,32) = 5.4, p < .05, η2 = .14) and 
absence of this interaction for the contrast punishment vs. no feedback. 
Although Figure 3 also suggests smaller EHR decelerations on error trials for the ASD 
group, especially in the no feedback condition, this could not be statistically supported 
by post hoc pairwise group comparisons. No significant interactions of response type by 




group with the medication-free ADHD or TD group. However, for these comparisons 
the response type by group interactions approached significance and showed medium 




















Apart from these response type effects, a significant effect of sequence (F(2,128) = 3.7, 
p < .05, η2 = .06) confirmed the deceleration-acceleration pattern of IBI’s around the 
feedback stimuli. Repeated contrasts for the factor sequence indicated that across 
groups IBI’s changed from IBI0 to IBI1 (F(1,64) = 10.9, p < .01, η2 = .15), but not from 
IBI-1 to IBI0 (p > .10). A nearly significant three-way interaction of sequence by 
response type by group was present (F(6,128) = 2.1, p = .07, η2 = .09). Post hoc 
pairwise group comparisons, however, indicated that only the Mph-treated ADHD 
group deviated from the TD group in their effect of response type from IBI0 to IBI1 
(TD vs. ADHD Mph: contrast IBI0 vs. IBI1: F(1,32) = 4.0, p = .05, η2 = .11). Figure 3 
suggests that Mph-treated children with ADHD show a somewhat steeper EHR 
acceleration from IBI0 to IBI1 on error trials than the TD children. 
CORRELATIONS OF EHR RESPONSES WITH PERFORMANCE MEASURES 
EHR deceleration to error trials across feedback conditions (computed as the IBI 
difference between error and positive feedback across the three tested IBIs) was 
positively correlated with the accuracy level: r(68) = .23, p = .06 at IBI-1, r(68) = .24, p 
TABLE 2 Post hoc group comparisons for the feedback-related EHR responses. 
df F p η2
Overall 3,64 4.3 <.01 .17
TD vs. ADHD 1,32 7.6 <.05 .19
TD vs. ADHD Mph
TD vs. ASD 1,34 3.0 .09 .08
ADHD vs. ADHD Mph 1,30 12.7 <.01 .30
ADHD vs. ASD 1,32 2.4 .13 .09
df F p η2
Overall 6,128 2.1 .06 .09
TD vs. ADHD
TD vs. ADHD Mph 2,64 3.9 <.05 .11
TD vs. ASD






< .05 at IBI0 and r(68) = .30, p < .05 at IBI1. This indicates that children showing larger 
EHR decelerations on error trials also attain higher accuracy levels. When computed for 
the clinical groups solely the correlation at IBI1 remained present (r(50) = .26, p = .07), 
suggesting that this association is not just the result of the difference in accuracy level 
between the TD group and the clinical groups. Across all groups, no significant 
correlations were found between EHR deceleration on error trials and post error slowing 
or RT, but both post error slowing and RT correlated significantly with accuracy level 
(post error slowing: r(68) = .63, p <.001); RT (r(68) = .55, p < .001). This indicates that 
children showing more post error slowing and longer reaction times attain higher 
accuracy levels. These correlations could neither be explained by the difference in 
accuracy level between the TD group and the clinical groups, because they remained 




FIGURE 3 Interbeat Intervals (IBI) time-locked to feedback presentation (IBI0). Separate values are 




The primary goal of the present study was to investigate feedback sensitivity in children 
with ADHD, on and off Mph, and children with ASD. Regarding task performance, all 
clinical children were about 8% less accurate on the global/ local task than the TD 
children, but performed both the global and local condition far above chance level (for a 
short discussion on the global/ local manipulation see footnote1). All groups performed 
more efficient when provided with performance feedback, i.e. in the reward and 
punishment condition compared to the condition without feedback; they responded 
slower and more accurate, showed less late responses and more post error slowing. The 
present study thus suggests that at the behavioural level all children, irrespective of 
psychopathology and medication, benefit from the receipt of performance feedback 
compared to a condition in which performance must be self-monitored. The medication-
free children with ADHD did not perform worse in the condition without feedback and 
may thus be suggested to be able to keep up their performance by their own motivation 
in a similar way as the other groups. This finding provides no evidence for a deficit in 
intrinsic motivation in children with ADHD as was previously suggested (Luman et al., 
2005; Douglas & Parry, 1994; Sergeant, 2000). Different from these findings on the 
behavioural level, the EHR analyses provided some evidence for differential error and 
feedback sensitivity in the children with ADHD on and off Mph and children with ASD. 
                                                 
1
 The global/ local manipulation had been chosen for exploring hemispheric processing of hierarchical 
stimuli in ADHD and ASD, in combination with the different feedback conditions. For this EHR study, however, 
the global and local conditions were merged because the number of error trials was too low to split the analyses 
for these conditions. Although the phenomenon is still debated, local/ detailed information is thought to be 
processed in the left hemisphere of the brain, while global/ holistic information is thought to be processed in the 
right hemisphere (Fink et al., 1997; Heinze, Hinrichs, Scholz, Burchert, & Mangun, 1998; Navon, 1977). 
Subjects with ASD are thought to preferably process detailed/ local information and to have problems with more 
holistic/ global processing (see for a review: Happe & Frith, 2006). The performance data of the present task, 
however, suggest the opposite: the children with ASD were less accurate in the local than in the global task, and, 
interestingly, this also applied to the medication-free children with ADHD. ERP analyses of the present task are 





As expected TD children showed enhanced EHR decelerations on error trials compared 
to correct trials, both when they had to self-monitor their errors in the no feedback 
condition and when they were provided with rewarding or punishing feedback. The 
Mph-treated children with ADHD showed a similar pattern, except in the reward 
condition, where they showed a smaller EHR deceleration on error trials. In contrast, 
the medication-free children with ADHD showed no EHR decelerations on error trials 
in any of the feedback conditions. Lastly, the ASD group could neither be differentiated 
from the ADHD group nor from the TD group in their EHR responses, but group effects 
for the EHR decelerations on error trials approached significance with both groups. 
Furthermore, positive correlations of the EHR decelerations on error trials and task 
accuracy indicate that children with larger decelerations are more accurate on the task. 
This finding is in agreement with the theory that error-related EHR deceleration is 
sensitive to the degree in which feedback is utilised to adjust performance (Van der 
Veen et al., 2004; Somsen et al., 2000).  
As hypothesised, medication-free children with ADHD thus appeared physiologically 
less responsive to error commission and error feedback than TD children, as their EHR 
did not discriminate between error and correct trials both when they were refrained from 
performance feedback and when they were provided with rewarding and punishing 
feedback. Decreased autonomic responsiveness to error feedback is in line with a 
previous report by Crone and colleagues (2003b) who showed that the EHR of 
medication-free children with ADHD discriminates to a lesser extent between positive 
(reward or escape of punishment) and negative (punishment or losing reward) feedback 
in comparison to TD children. Together, these findings suggest that children with 
ADHD are less sensitive to different types of aversive events, such as error commission 
and error feedback, punishment and loss of reward, and support the hypothesis of an 
underactive BIS in children with ADHD (Quay, 1988a; Quay, 1988b). As EHR 
decelerations in general have been suggested to reflect the central inhibition of ongoing 
processes, permitting the assessment of error sources and enhanced task focus (Jennings 
& Van der Molen, 2002), medication-free children with ADHD may benefit less than 
TD children from error commission and feedback for the adjustment of their 
performance. The present findings agree with the daily life experience that children with 
ADHD take longer than TD children to stop showing undesired behaviour when 
provided with punishment or when their behaviour is ignored.  
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The present results, moreover, indicate that autonomic responsiveness to feedback is 
increased in Mph-treated children with ADHD compared to medication-free children 
with ADHD, as they do show clear EHR deceleration on error trials. Mph-treated 
children with ADHD could not be discriminated from TD children in the no feedback 
and punishment condition, suggesting that Mph ‘normalises’ error sensitivity in children 
with ADHD in those conditions. However, in the reward condition, where emphasis was 
on gain, EHR responsiveness to error feedback did not fully ‘normalise’. The 
‘normalised’ physiological response of Mph-treated children with ADHD to error 
commission and punishment is of great clinical relevance, because it suggests that the 
first-choice treatment of ADHD improves both self-monitoring of errors and sensitivity 
to punishment. This improvement may increase the susceptibility to behavioural 
therapies in children with ADHD, as these therapies typically involve (parental) 
feedback on their performance and/or contingency management (e.g. token economy 
system). This is in line with findings of behavioural therapy combined with stimulant 
treatment being superior over behavioural therapy alone in reducing ADHD symptoms 
(The MTA Cooperative Group, 1999).  
Improved autonomic responsiveness to error commission and punishment in Mph-
treated children with ADHD also suggests that Mph stimulates the underactive BIS 
system in ADHD. Mph-induced BIS activation can be explained by the enhancing effect 
of Mph on the neurotransmission of noradrenaline, as one of the major components of 
the BIS system are the noradrenergic pathways in the brain (Gray, 1985; Gray, 1987). 
Mph is known to influence these pathways by increasing extracellular levels of 
noradrenaline (Pliszka, 2005; Seeman & Madras, 1998). Interestingly, two recent ERP 
studies have suggested that Mph modulates an electrocortical error processing 
component, the error Positivity (Pe), in ADHD (Groen et al., 2008, this study included 
nearly identical experimental groups as described in the present study ; Jonkman et al., 
2007). This component is thought to reflect phasic responses from the Locus Coereleus 
(LC) noradrenaline system. Together, these findings raise the hypothesis that the (LC) 
noradrenaline system is hypoactive in children with ADHD when they are faced with 
aversive stimuli, such as errors and negative feedback. In healthy brains quick arousal 
responses from the noradrenaline system increase the state of alertness and sensory 
intake (Berridge & Waterhouse, 2003) and as a consequence facilitate the inhibition of 




ADHD benefit to a lesser extent from error commission and feedback and the 
‘normalising’ effect of Mph in ADHD. 
It is interesting that the Mph-treated ADHD group shows ‘normalised’ EHR responses 
to error commission in the no feedback condition. In this condition no performance 
feedback was given to the children and, therefore, EHR decelerations on error trials 
must have been elicited by the self-monitoring of error responses. Mph-treated children 
with ADHD thus do not differ from TD children in the self-monitoring of their errors. 
EHR deceleration to self-monitored errors has been proposed to be functionally related 
to and to share the neuronal source of the Error-Related Negativity (ERN) (Crone et al., 
2003c; Crone et al., 2004; Groen et al., 2007; Jennings & Van der Molen, 2002; Somsen 
et al., 2000), which is an ERP component reflecting the earliest processing of error 
responses (Falkenstein et al., 1991; Gehring et al., 1993). Error-related EHR 
deceleration may, therefore, be the autonomic equivalent of the ERN. The increased 
EHR responses to self-monitored errors found in the Mph-treated children opposed to 
medication-free children with ADHD would thus predict increases in ERN amplitude in 
subjects treated with Mph. Indeed stimulants like Mph have been found to enhance 
ERN amplitudes in healthy adults (De Bruijn et al., 2004; De Bruijn et al., 2005). 
However, recent studies in Mph-treated children with ADHD, including one of our own 
group describing nearly identical ADHD samples, have shown that Mph selectively 
normalises the Pe, but not the ERN (Groen et al., 2008; Jonkman et al., 2007). Possibly, 
error-related EHR decelerations reflect somewhat different aspects of error processing 
than the ERN (Van der Veen et al., 2004; Van der Veen, Mies, Van der Molen, & 
Evers, 2008). For future studies it may be interesting to further elucidate the central 
source(s) of error-related EHR decelerations by exploring the relationship between 
error-related EHR decelerations and electrocortical components of error processing in 
larger samples of subjects. 
Finally, the children with ASD could neither be differentiated from the medication-free 
children with ADHD nor from TD children in their autonomic responsiveness to error 
commission and feedback. However, the effects of the comparisons with both groups 
approached significance with medium effect sizes, suggesting that larger sample sizes 
would have resulted in significant effects. Although this finding does not allow for firm 
conclusions, it suggests that children with an ASD may be physiologically less sensitive 
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to error commission and error feedback. Decreased physiological sensitivity to feedback 
would be in line with our previous report, showing that a nearly identical sample of 
children with ASD showed diminished late positive electrocortical responses to error 
feedback, suggesting diminished affective processing of feedback stimuli (Groen et al., 
2008). Decreased physiological sensitivity to self-monitored errors, however, would 
contradict our previous results, as the children with ASD in that study did not differ 
from TD children in ERN amplitude to self-monitored errors (Groen et al., 2008; see for 
similar results: Henderson et al., 2006). This again questions whether the error-related 
EHR deceleration is the autonomic equivalent of the ERN. 
The non significant group effects regarding the ASD group may be due to several 
factors. Firstly, the present ASD sample included children with a subthreshold form of 
autism (Pervasive Developmental Disorder Not Otherwise Specified; American 
Psychiatric Association, 2000), a subgroup on the least disabled side of the autistic 
spectrum. Possibly, subjects on the more disabled side of the autistic spectrum are more 
compromised in their error and feedback sensitivity. This reasoning is supported by a 
study of Henderson and colleagues (2006), reporting a positive correlation between a 
measure of parent-reported impairment in social interactions and the ERN amplitude in 
children with ASD. This suggests that subjects with more severe problems in social 
interactions have also more impaired error monitoring. For future studies it is, therefore, 
recommended to include children classified within the wider spectrum of Autistic 
Disorder for testing this hypothesis. Secondly, although none of the children with ASD 
met the criteria for ADHD of the combined type, the children in the ASD sample may 
have shown some ADHD symptoms, especially inattention symptoms. This is quite 
likely, for in general it is found that ADHD symptoms are common in children with 
ASD (Jensen et al., 1997; Frazier et al., 2006). We performed additional analyses to test 
for this, but no significant differences were found between children in the ASD group 
with high and low ADHD ratings. For future studies on error and feedback processing 
in ASD, it is recommended using larger samples and including subjects with subtypes 
from the entire autistic spectrum, allowing for the comparison of more and less disabled 
subjects with ASD. Moreover, ADHD symptoms should definitely be taken into 
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